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patients with lone AF, as well as AF based on organic
heart diseases.4,5 However, the maze procedure entails
extensive atrial incision and suturing in addition to
excessive blood loss and extended cardiopulmonary
bypass and aortic crossclamp times.5
Radio frequency (RF) catheter ablation has gained
widespread acceptance as a safe and effective approach
with its ability to cure many types of cardiac arrhyth-
mias. There have recently been some reports concern-
ing the catheter-maze procedure for AF.6-9 Overall, the
percutaneous approach of RF catheter ablation for AF
remains an investigational technique.
With this trend in mind, we attempted in the present
in vitro and in vivo studies to create a long linear lesion
by using a new long linear probe together with an RF
energy generator, as we reported recently.10 These
devices may offer potential therapeutic benefit for AF
because the atrial linear lesions created by RF energy
may obviate the necessity for extensive atrial incision
and suturing as required with the original maze surgical
A trial fibrillation (AF) is the most frequently encoun-tered arrhythmia within the general population.
There has been a consensus that one of the available
curative treatments for AF is surgical.1-4 The maze sur-
gical procedure described initially by Cox and col-
leagues1 offers a curative treatment for AF because it is
highly successful in the restoration of sinus rhythm and
in the preservation of atrial booster pump function in
Background: The maze operation for atrial fibrillation is effective but highly
invasive. We tested, both in vitro and in vivo, a new technique for creating
long linear atrial lesions with a custom-made, 25-mm long, stainless-steel,
linear probe and a corresponding 500-kHz generator for assistance in the
maze operation.
Methods: In the in vitro study with the isolated canine atria, the power of the
delivered radio-frequency energy and the saline irrigating flow rate were
changed independently, and the sizes of the lesions were measured. In the in
vivo study radio-frequency energy was delivered to 4 portions (ie, the
smooth and trabeculated portions of the right and left atria). The sizes of the
lesions were measured, and the histologic features of the lesions were exam-
ined. Electrical isolation of the right atrial appendage from the remaining
right atrium was attempted by using this linear probe.
Results: In the in vitro study the size of the lesion became larger as the deliv-
ered power was increased, although the lesion was limited when the flow rate
was high. In the in vivo study the size of the lesion was equal at the 4 dif-
ferent sites. Histologic examinations demonstrated linear and transmural
lesions, and electrophysiologic examinations revealed conduction block
between the right atrial appendage and the remaining right atrium.
Conclusions: The new original long linear probe was effective for creating
transmural linear atrial lesions with the irrigation method, presenting the
possibility of an intraoperative technique that mimics the maze procedure. (J
Thorac Cardiovasc Surg 2000;120:164-72)
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procedure, thereby minimizing the duration of heart
operations.
Material and methods 
Humane animal care. All adult mongrel dogs received
humane care in compliance with the “Principles of Laboratory
Animal Care” formulated by the National Society for Medical
Research and the “Guide for the Care and Use of Laboratory
Animals” prepared by the Institute of Laboratory Animal
Resources and published by the National Institutes of Health
(National Institutes of Health publication No. 86-23, revised
1985). This experiment was reviewed by the Committee of the
Ethics on Animal Experiment of the Faculty of Medicine,
Kyushu University, and carried out under the control of the
Guidelines for Animal Experiments of the Faculty of
Medicine, Kyushu University, and The Law (No. 105) and
Notification (No. 6) of the Government of Japan.
In vitro study. Thirty adult mongrel dogs weighing 9 to 26
kg (14.1 ± 3.4 kg) were used in this study. Anesthesia was
induced with a dose of intravenous thyamylal sodium (25
mg/kg). After endotracheal intubation, mechanical ventila-
tion with a mixture of room air and 100% oxygen with an
artificial respirator was performed, and 10 µg/kg fentanyl
was slowly injected intravenously. Anesthesia was main-
tained with a continuous infusion of fentanyl (10 µg · kg–1 ·
h–1), midazolam (0.5 mg · kg–1 · h–1), and vecuronium bro-
mide (0.2 mg · kg–1 · h–1). A median sternotomy was per-
formed. Fresh isolated canine heart and lung preparations
were obtained, and a tissue block of the smooth portion of the
right atrium (RA) or left atrium (LA) was prepared within 15
minutes after isolation of the beating whole heart. The thick-
ness of the specimen was 2 to 3 mm. A custom-made, linear,
stainless-steel probe 25 mm in length was used for RF ener-
gy application (Fig 1). This probe was connected to a 500-
kHz generator that was designed to deliver power-controlled
RF energy. The probe was positioned parallel to the fiber ori-
entation of the specimens, and pressure was exerted perpen-
dicular to the specimens at a constant weight of 10 g with a
custom balance. The probe was in good contact with atrial
surface along the most distal linear portion, which was per-
pendicular to the grip portion. Initially, an excessive delivery
Fig 1. The stainless-steel linear ablation probe. The tissue-contact part of the probe is approximately 25 mm in
length.
Table I. Length of the created lesion in the in vitro study
Length (mm)
10 W* 20 W* 30 W* 40 W* 50 W*† 60 W*
Flow rate
10 mL/min§ 26.4 ± 0.6 27.3 ± 0.6 27.8 ± 0.6 28.4 ± 0.7 28.7 ± 0.6 28.9 ± 0.6
30 mL/min 25.6 ± 0.5 25.9 ± 0.5 26.5 ± 0.6 26.9 ± 0.6 27.1 ± 0.6 27.2 ± 0.6
Values are means ± SD.
*P < .01 compared with each other, with the exception of comparison between 40 and 50 W and between 50 and 60 W.
†P < .05 compared with 40 W.
§P < .01 compared with 30 mL/min.
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of RF power without irrigation often caused charring or pop-
ping in our in vitro and in vivo studies. Therefore, we used a
manual irrigation technique, flushing the catheter tip and the
surrounding atrial tissue with small amounts of saline solu-
tion during RF delivery, to prevent excessive heat formation.
To investigate factors that can influence the size of the
lesion and complications associated with RF application, we
delivered RF energy between the probe and a large (6 × 12
cm) patch electrode attached to the back of the specimen
while varying the RF energy and irrigating flow rate (Fig 2).
RF energy was applied to the smooth portion of the RA or LA
on the epicardial side. The lesion size was examined by
changing the delivered power to 10, 20, 30, 40, 50, and 60 W
and the flush flow rate to 10 and 30 mL/min. The RF appli-
cation time was a constant duration of 30 seconds. The tem-
perature of the irrigation fluid was 20°C. The length and
width of the lesions were measured on the epicardial side of
the surface. The lesion continuity was judged according to
the discoloration of the preparations.
In vivo study. Nine adult mongrel dogs weighing 12 to 33
kg (20.2 ± 6.7 kg) were used in this study. First, 7 dogs were
used to measure the lesion size created by the linear probe,
whereas the other 2 dogs were used for electrophysiologic
isolation of the RA appendage. Induction and maintenance of
anesthesia were the same as in the in vitro study. Ventilation
was maintained as described in the in vitro study. The arteri-
al blood gases and blood pH were maintained within physio-
logic ranges by adjusting the respiratory rate and tidal volume
and also by administering sodium bicarbonate. The arterial
blood pH, PCO2, and PO2 were kept within the range of 7.35
to 7.45, 35 to 45 mm Hg, and 90 to 150 mm Hg, respective-
ly. Thereafter, the dog was placed on a heated pad, and
catheters were inserted into the descending aorta and inferior
vena cava through the left femoral artery and vein for blood
pressure monitoring, blood sampling, and drug administra-
tion. Blood pressure and surface electrocardiograms were
monitored continuously on a multichannel oscillograph
(Polygraph 360 system; NEC San-ei Kogyo, Tokyo, Japan).
The activated clotting time was maintained at greater than
300 seconds with intravenous heparin.
A median sternotomy was performed. The linear probe was
positioned perpendicular to the atrial epicardium while RF
energy was delivered. The contact pressure of the linear
probe on the atrial epicardium was manually controlled to be
almost equal at every delivery. Saline solution at a tempera-
ture of 20°C was flushed over the probe and the surrounding
Fig 2.  Schematic illustration of the in vitro experimental study. RF energy was delivered between the probe tip and
an adhesive electrode patch attached to the back of the specimen.
Table II. Width of the created lesion in the in vitro study
Width (mm)
10 W* 20 W* 30 W* 40 W* 50 W* 60 W*
Flow rate
10 mL/min† 3.5 ± 0.4 4.1 ± 0.4 5.3 ± 0.4 6.0 ± 0.5 6.3 ± 0.3 6.9 ± 0.5
30 mL/min 3.3 ± 0.4 3.5 ± 0.4 3.8 ± 0.4 4.2 ± 0.4 4.5 ± 0.4 4.9 ± 0.4
Values are means ± SD.
*P < .01 compared with each other.
†P < .01 compared with 30 mL/min.
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atrial tissue at a flow rate of 30 mL/min. The delivered ener-
gy was 30 W, and the delivery duration was 30 seconds in
every RF application.
We delivered RF energy to 4 different sites of the atrium:
the site posterior to the crista terminalis of the RA (smooth
portion of the RA); the site anterior to the crista terminalis,
including the RA appendage (trabeculated portion of the
RA); the site just below the lower pulmonary veins (smooth
portion of the LA); and the site just anterior to the ligament
of Marshall, including the LA appendage (trabeculated por-
tion of the LA) in the first 7 dogs. We selected the RF appli-
cation sites to avoid the visible coronary artery branches
running on the epicardial atrial surface. After we had con-
firmed that good contact between the probe and the target
site was obtained as in the in vitro study, RF current was
delivered between the probe and an adhesive electrosurgical
dispersive patch applied to the shaved skin of the abdominal
wall. In 2 dogs RF energy was delivered around the RA
appendage, and isolation of the RA appendage from other
parts of the atrium was attempted. After ablation around the
RA appendage, pacing at the RA appendage with bipolar
electrodes was performed at a pacing rate of 150 beats/min.
Bipolar recording electrodes were placed on the upper and
middle RAs.
The maximal length and width of the lesions were mea-
sured on the epicardium. After completion of the RF energy
delivery, the dogs were killed, their hearts were removed,
and the cardiac cavities were then washed with saline solu-
Fig 3.  A, Representative photograph of the epicardial surface of the created lesions. This lesion was created at the
trabeculated RA with 30 W of delivered energy, 30 mL/min of flush flow, and an RF energy delivery duration of
30 seconds. The lesion was well demarcated from the surrounding tissue, and the edges of the lesion were well
ablated compared with the central portion of the probe. Vaporized craters and ruptures of the myocardial surface
were not observed. B, Endocardial surface photograph of the above lesion. The lesion was well demarcated from
the surrounding tissue. Arrowheads indicate the margin of the created lesion.
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tion. The endocardial surface of each atrium was inspected
grossly, and the transmurality of the lesions was investigat-
ed. A complete transmural lesion was defined as one with
continuous epicardial and endocardial imprints of the ablat-
ed surface. After the excised hearts had been fixed in neu-
tralized formalin, each of the lesions was blocked in paraffin
and sectioned parallel to the short axis of the lesion in a
plane perpendicular to the endocardial surface. Sections
were stained with Azan and hematoxylin-eosin for micro-
scopic examination.
Statistical analysis. Data are presented as the mean value
± SD. In the in vitro study we used 2-way factorial analysis
of variance (ANOVA) for comparison among the multiple
groups. Thereafter, the Fisher protected least significant dif-
ference methods were used to compare the size of the
lesions created under the two different conditions, when the
ANOVA result was statistically significant. In the in vivo
study, 1-way factorial ANOVA was used to compare the size
of the lesion. A P value of less than .05 was determined to
be statistically significant.
Results 
In vitro study.  A total of 240 lesions were created in
the smooth portion of the canine epicardial atrial spec-
imens. There was no charring or popping. The number
of RF deliveries was 20 times in every category. The
lesion progression from both edges to the center was
noted in all the specimens. All the atrial lesions were
continuous and transmural. Both the epicardial and
endocardial surfaces of the lesions were discolored and
well demarcated from the surrounding tissue.
The sizes of the lesions are listed in Tables I and II.
Lesion length and width increased as the RF power was
increased (P < .0001 in both dimensions). The length
increased only up to 50 W (differences below 40 W, P
< .01; between 40 and 50 W, P < .05; between 50 and
60 W, P = .26). The width increased up to 60 W (P <
.01). The lesion length and width were decreased as the
flush flow rate of the saline solution was increased (P
< .0001). The increasing size of the lesion as the deliv-
ered energy was increased was affected by the flush
flow rate of the saline solution. The size change was
less as the flush flow rate varied from 10 to 30 mL/min
(P < .05 in length and P < .0001 in width).
In vivo study. On the basis of the in vitro study, RF
power was fixed at 30 W, and the duration of the RF
application was 30 seconds. A total of 56 lesions were
created in every dog (n = 7). Fourteen lesions were cre-
ated in each portion (ie, the smooth and trabeculated
portions of the RA and LA). No arrhythmia occurred
during any of the ablation procedures. The ablation
procedure had no effect on systemic blood pressure and
heart rate. There was no popping or perforation of the
specimens during any of the RF deliveries. The lesion
was created earlier at both edges than in the central part
and became linear in a few seconds. The epicardial sur-
face of the lesions was well demarcated from the sur-
rounding tissue. Both edges of the lesion were well
ablated. The created lesion was continuous and dumb-
bell-shaped (Fig 3, A). The endocardial surface of each
lesion was also well demarcated from the surrounding
tissue (Fig 3, B). The length and width of the lesions
were not significantly different among the smooth and
trabeculated portions of the LA and RA (Table III). The
thickness of the smooth portion of the RA and LA was
2 to 3 mm, and that of the trabeculated portion of the
RA and LA was 3 to 6 mm.
Histologically, all the atrial lesions were transmural,
including the central portion. A line of demarcation
between the ablated and intact area was evident (Fig 4,
A). A higher magnification of the lesion showed coag-
ulation of the cytoplasm, waviness of the myocardial
fiber, and interstitial hemorrhage and edema (Fig 4, B
and C). These microscopic findings were confirmed in
all the specimens examined histologically.
In the other 2 dogs, 4 applications of RF energy were
applied around the RA appendage. Thereafter, bipolar
pacing from the RA appendage with a pulse width of 1
ms and a pulse amplitude of 5 mA at a rate of 150
beats/min was performed during sinus rhythm. The RA
appendage was captured by the pacing, independent of
the sinus rhythm of the heart (Fig 5), thus suggesting
that the RA appendage was isolated functionally from
other parts of the atrium.
Discussion
The present in vitro and in vivo experiments indicate
that a new device composed of a long linear probe and
a custom-made generator produces well-demarcated,
transmural, and linear atrial lesions, which would be
Table III. Length and width of the created lesion in the in vivo study
RAS RAT LAS LAT
Length (mm) 27.6 ± 0.7 27.5 ± 0.5 27.3 ± 0.3 27.5 ± 0.6
Width (mm) 4.1 ± 0.8 4.4 ± 0.4 4.2 ± 0.4 4.5 ± 0.3
Values are means ± SD. No statistically significant difference was found among the 4 portions with regard to length or width. RAS, Smooth portion of the right atri-
um; RAT, trabeculated portion of the right atrium; LAS, smooth portion of the left atrium; LAT, trabeculated portion of the left atrium.
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suitable for intraoperative assistance in mimicking the
maze procedure carried out for the termination of AF.
Our recent in vitro study with porcine atria immersed
in isotonic saline-dextrose solution showed that this
new custom-made probe-generator system was effec-
tive in creating a well-demarcated, transmural, and lin-
ear lesion by a one-time epicardial RF application. The
lesions were well visualized as pale and continuous.
The lesion size increased as the delivered power, tissue-
probe contact pressure, and duration of RF delivery
were increased independently.10 In our in vitro experi-
ment in the present study, we used an irrigation method
during RF application. In the case of epicardial RF
energy delivery with a conventional catheter, excessive
heating could be prevented by irrigation with saline
solution during RF application in the canine AF
model.11 By use of this method, the incidence of com-
plications, such as popping or charring, could be avoid-
ed even without a thermosensor. In our in vitro study,
the length and width of the created lesions increased as
the power of the delivered energy was increased up to
50 and 60 W, respectively. Continuity and the trans-
mural nature of the created lesions were maintained
despite changing the flow rate of the irrigating solution.
The length of the lesion was more than 25 mm, which
was similar to the lesion created in our recent in vitro
study with the porcine atrium. The lesion created in this
study was one of the longest linear lesions created by
one-site RF application in the literature.12 This has the
potential advantage of the segment-by-segment linear
ablation creating long block lines between anatomic
obstacles (vascular orifices and atrioventricular ring) in
Fig 4.  Histologic examination of the trabeculated portion of the RA in the in vivo canine experiment of linear probe
ablation. A, The short axis histologic section at the central portion of the lesion shows a line of demarcation
between the damaged area and the intact area (arrowheads; Azan stain). B, Higher magnification of the lesion
shows coagulation and pycnosis of the myocardial cells (hematoxylin and eosin stain). C, This photomicrograph
shows interstitial edema and interstitial hemorrhage (hematoxylin and eosin stain). Epi, Epicardium of the RA;
End, endocardium of the RA.
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both atria. Because block lines should be 20 mm (isth-
mus) to 75 mm (pulmonary vein to mitral ring), these
lines could theoretically be created by one to three con-
tiguous sequential applications of this device.13
The original maze procedure first introduced by Cox
and coworkers1 was an extensive surgical procedure
with the placement of multiple suture lines, allowing
relatively normal atrial activation from sinus to atri-
oventricular node while blocking the propagation of re-
entrant impulses with a maze of conduction alleys and
lines of blockage. However, such surgical procedures
entail extensive atrial incision and suturing, excessive
blood loss, as well as prolonged cardiac arrest for the
patients.5 There have been some reports with respect to
intraoperative endocardial RF or cryoablation mimick-
ing the surgical maze procedure to resolve some of
these problems.14-19 The results of these studies showed
that using RF power was a timesaving and less-invasive
procedure. However, some patients had new atrial
tachycardias or atrial flutter after intraoperative abla-
tion.16,18,19 It is essential to make a continuous and
transmural lesion because a skipped or discontinuous
lesion gives rise to proarrhythmic effects, resulting in
the induction of new atrial flutters.20-22 Therefore, it is
ideal to investigate the lesion’s continuity and trans-
mural nature macroscopically and microscopically, as
well as by means of electrophysiologic examination.
Other recent experimental RF ablation studies have
focused on the feasibility of an epicardial approach
mimicking the maze procedure for the treatment of
AF.11,23 Chevalier and colleagues23 reported that epi-
cardial atrial RF catheter ablation under the video-
assisted endoscopic monitoring was effective in stop-
ping vagally mediated canine AF. Epicardial RF abla-
tion is also expected to reduce the thromboembolic
risk. However, the accessibility of the ablation catheter
by means of the video-guided technique was limited
(ie, most but not all atria sites were accessible), which
might have influenced the antifibrillatory effects of this
procedure. Moreover, good electrode-tissue contact
was not guaranteed, even under visual guidance. Elvan
and colleagues11 reported the effectiveness of epicar-
dial RF application to the beating heart of the open-
chest canine AF model. They mentioned that their
attempt was preparatory to the closed-chest approach
and confirmed the satisfactory accessibility of the
entire atria, firm tissue-electrode contact, and partial
vagal denervation, which has potential advantages con-
cerning vagally induced AF. This RF ablation tech-
nique used the conventional electrode catheter. Our in
vivo study also demonstrated the effectiveness of the
epicardial approach to make a transmural linear atrial
lesion, even in the trabeculated regions in the beating
canine heart without the need of a cardiopulmonary
bypass. We confirmed the electrophysiologic isolation
of the RA appendage in 2 dogs by using the circumfer-
ential RF application. In the maze operation, isolation
of the right and left atrial appendages is essential.1-3
The epicardial approach with this linear probe can lead
to a minimally invasive approach for AF.
Study limitation. The first limitation of this study
is that the effects of the atrial linear lesions on atrial
contractile function were not studied. In an animal
model the epicardial modified catheter maze did not
Fig 5.  Electrophysiologic study conducted after circumferential ablation around the right atrial appendage (RAA).
Paced electrical activity in the right atrial appendage was dissociated from spontaneous activity in the rest of the
atrium, indicating the electrophysiologic isolation of the right atrial appendage (simultaneous recordings from sur-
face lead II, right atrial appendage, high right atrium [HRA], and middle right atrium [MRA] electrograms).
affect atrial contraction.11 Moreover, there have been
several clinical reports that describe how the modified
maze procedure with RF energy with a concomitant
valvular operation was successful in restoring atrial
contractile function.15 Accordingly, we do not believe
this to be a problem. The second limitation is the lack
of antiarrhythmic evidence of this original device. To
confirm the functional isolation of the RA appendage,
we delivered RF energy during sinus rhythm.
However, it would be ideal to apply the RF energy
during AF and to confirm the termination of AF,
which is inducible in the in vivo canine model.11 The
third limitation is the lack of long-term consequences
of RF lesions. The possibility exists that complica-
tions, such as atrial wall rupture, atrial aneurysm for-
mation, or pulmonary vein stenosis, could occur.
Actually, 2 cases of pulmonary vein stenosis caused
by RF application have recently been reported.24
However, to the best of our knowledge, there have
been no reports concerning atrial rupture or aneurysm
formation as late complications of RF application.
Furthermore, histologic examination of the linear
lesion reported in the literature25 led us to speculate
that conduction blockage would have been main-
tained rather than attenuated. The last limitation is
that although we selected RF application sites to
avoid the visible coronary artery branches running on
the epicardial atrial surface in an in vivo study, the
possibility exists that RF energy could disturb the
microcirculation. 
Conclusion
In the present in vitro and in vivo canine study, a new
original long linear probe equipped with a custom-
made RF generator was able to produce continuous,
long, linear, and transmural atrial lesions independent-
ly of the atrial wall smoothness or trabeculation. The
lesions were produced by using this probe-generator
system without any popping or perforation, by using
the irrigation method, at a wide range of RF power.
This newly developed probe-generator system presents
the possibility of a great contribution to and improve-
ment of the maze surgical procedure.
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